Abstract-Although Ca 2ϩ waves in cardiac myocytes are regarded as arrhythmogenic substrates, their properties in the heart in situ are poorly understood. On the hypothesis that Ca 2ϩ waves in the heart behave diversely and some of them influence the cardiac function, we analyzed their incidence, propagation velocity, and intercellular propagation at the subepicardial myocardium of fluo 3-loaded rat whole hearts using real-time laser scanning confocal microscopy. We classified Ca 2ϩ waves into 3 types. ), with a velocity of 84 m/s, a decline half-time (t 1/2 ) of 0.16 seconds, and rare intercellular propagation (propagation ratio Ͻ0.06) (sporadic wave). In contrast, in presumably Ca 2ϩ -overloaded regions showing higher fluorescent intensity (113% versus the intact regions), Ca 2ϩ waves occurred at 28 waves ⅐ min Ϫ1 ⅐ cell Ϫ1 under quiescence with a higher velocity (116 m/s), longer decline time (t 1/2 ϭ0.41 second), and occasional intercellular propagation (propagation ratioϭ0.23) (Ca 2ϩ -overloaded wave). In regions with much higher fluorescent intensity (124% versus the intact region), Ca 2ϩ waves occurred with a high incidence (133 waves ⅐ min Ϫ1 ⅐ cell Ϫ1 ) and little intercellular propagation (agonal wave). We conclude that the spatiotemporal properties of Ca 2ϩ waves in the heart are diverse and modulated by the Ca 2ϩ -loading state. The sporadic waves would not affect cardiac function, but prevalent Ca 2ϩ -overloaded and agonal waves may induce contractile failure and arrhythmias.
Abstract-Although Ca 2ϩ waves in cardiac myocytes are regarded as arrhythmogenic substrates, their properties in the heart in situ are poorly understood. On the hypothesis that Ca 2ϩ waves in the heart behave diversely and some of them influence the cardiac function, we analyzed their incidence, propagation velocity, and intercellular propagation at the subepicardial myocardium of fluo 3-loaded rat whole hearts using real-time laser scanning confocal microscopy. We classified Ca 2ϩ waves into 3 types. In intact regions showing homogeneous Ca 2ϩ transients under sinus rhythm (2 mmol/L [Ca 2ϩ ] o ), Ca 2ϩ waves did not occur. Under quiescence, the waves occurred sporadically (3.8 waves ⅐ min Ϫ1 ⅐ cell Ϫ1 ), with a velocity of 84 m/s, a decline half-time (t 1/2 ) of 0.16 seconds, and rare intercellular propagation (propagation ratio Ͻ0.06) (sporadic wave). In contrast, in presumably Ca 2ϩ -overloaded regions showing higher fluorescent intensity (113% versus the intact regions), Ca 2ϩ waves occurred at 28 waves ⅐ min Ϫ1 ⅐ cell Ϫ1 under quiescence with a higher velocity (116 m/s), longer decline time (t 1/2 ϭ0.41 second), and occasional intercellular propagation (propagation ratioϭ0.23) (Ca 2ϩ -overloaded wave). In regions with much higher fluorescent intensity (124% versus the intact region), Ca 2ϩ waves occurred with a high incidence (133 waves ⅐ min Ϫ1 ⅐ cell Ϫ1 ) and little intercellular propagation (agonal wave). We conclude that the spatiotemporal properties of Ca 2ϩ waves in the heart are diverse and modulated by the Ca 2ϩ -loading state. 4 -6 has been called the Ca 2ϩ wave 7, 8 and is regarded as the origin of oscillatory membrane potentials leading to triggered arrhythmias. 9 For the past decade, the properties of Ca 2ϩ waves in cardiac myocytes have been studied precisely after the advent of fluorescent Ca 2ϩ indicators [7] [8] [9] [10] [11] [12] [13] and laser scanning confocal microscopy. [11] [12] [13] Despite ample information on Ca 2ϩ waves, 7-13 the role of the waves in the heart in situ is poorly understood. This is because Ca 2ϩ waves have been studied mostly in enzymatically isolated cells. Minamikawa et al 14 first demonstrated that Ca 2ϩ waves occur in the perfused rat whole heart. However, their detailed quantitative properties were not assessed because of the low temporal resolution of the X-Y images. We have developed a system for in situ imaging of [Ca 2ϩ ] i equipped with a multipinhole-type confocal scanning device, which enabled us to visualize real-time X-Y images of Ca 2ϩ waves. 15, 16 Using this system on Langendorffperfused rat hearts with simultaneous recording of electrocardiograms, we found that Ca 2ϩ waves were completely abolished by ventricular excitation, suggesting that the waves in the whole heart play little, if any, pathophysiological role. 15 Nevertheless, it is possible that Ca 2ϩ waves have some aggravating role on cardiac function if they occur frequently and propagate beyond individual cells on a large scale under certain Ca 2ϩ -overloaded conditions. In this regard, quantitative analysis of Ca 2ϩ waves in the working whole heart is essential to understand their functional significance.
We postulated that Ca 2ϩ waves in the whole heart exhibit various distinct frequencies, propagation velocities, and intercellular propagations, all of which may depend on the degree of Ca 2ϩ overload and electrical activities of the heart, ie, Ca 2ϩ waves may occur more frequently and propagate more prevalently to the surrounding cells under highly Ca 2ϩ -overloaded conditions. To examine these hypotheses, we used real-time confocal microscopy to conduct quantitative analyses of Ca 2ϩ waves on the perfused rat whole hearts, focusing on spatiotemporal occurrence and intercellular propagation under both the intact and Ca 2ϩ -overloaded conditions.
Materials and Methods
The preparation of the fluo 3-AM-loaded rat hearts and the confocal system were identical to those described previously. 15 The experiments were conducted on 16 male Wistar rats (9 weeks old) at 23°C to 25°C under Langendorff perfusion (5 mL/min) with Tyrode's solution ([Ca 2ϩ ] o ϭ2 mmol/L, unless otherwise specified). The confocal plane was optimized with a glass coverslip (170-m thickness) placed gently on the heart. The motion artifact on the image was prevented by 20 mmol/L 2,3-butanedione monoxime (BDM), which was added to the perfusate. The ECG was recorded through silver wires (0.3-mm diameter) inserted into the apical region of the heart. Unless otherwise specified, Ca 2ϩ waves were analyzed under quiescence via blockade of atrioventricular conduction produced by mechanical ablation of the atrioventricular junction. Some hearts were electrically stimulated through the silver wires. In some experiments, a glass microelectrode (tip diameter Ͻ10 m) was inserted into localized regions to apply damage to the myocardium.
Analyses of images were conducted on digitized fluorescent signals (512ϫ480 pixels) stored on a hard disk every 33 ms. Line-scan images were reconstructed by cumulatively layering a series of consecutive X-Y image frames scanned according to the line along the path of the waves. The propagation velocity was calculated from the slope of the line-scan image. The profile of Ca waves was obtained by averaging the line-plot data of line-scan images from 5 to 7 adjoining scan lines at the middle of the cells along the long axis. The fluorescence intensity (FI) in a region of interest (ROI) (FI ROI ) was obtained by averaging the FI value of 250 pixels during diastole. With regions with homogeneous Ca 2ϩ transients but no frequent Ca 2ϩ waves regarded as intact, FI was estimated by use of a value obtained from FI ROI relative to that in the neighboring intact region (FI intact ), ie, FI ROI /FI intact . The incidence of Ca 2ϩ waves and their intercellular propagation ratio (R prop ) were analyzed from continuously recorded video images. R prop was defined as the ratio of the number of waves propagating to the adjacent cells over the total number of waves in an ROI for 5 minutes. The quantitative data (meanϮSD) were statistically analyzed by ANOVA, and significance at PϽ0.05 was defined by Fisher's test.
An expanded Materials and Methods section is available online at http://www.circresaha.org. Ca 2ϩ waves in the perfused hearts exhibited intracellular propagation similar to those in isolated myocytes studied previously. [7] [8] [9] [10] [11] [12] [13] Sequential X-Y images at 2 mmol/L [Ca 2ϩ ] o showed that the waves propagated along the longitudinal axis of the cells ( Figure 1C ). The corresponding line-scan images ( Figure 1D ) revealed that the waves proceeded at a constant velocity of Ϸ90 m/s in 1 (a) or 2 (b) directions. In some cases, 2 waves collided within single cells and were subsequently annihilated (c). Ca 2ϩ waves propagated longitudinally at 84Ϯ16 (52 to 129) m/s, either unidirectionally or bidirectionally to the cell boundaries (nϭ73). The waves showed a monotonic decline in their fluorescent profile ( Figure 1E ) similar to that in isolated myocytes. 17 After a quick rise, the waves declined with a decay half-time (t 1/2 ) of 0.16Ϯ0.10 seconds (nϭ60). As for the intercellular propagation of Ca 2ϩ waves, the waves in the perfused heart barely transmitted to the surrounding myocytes. Of 320 waves, 12 showed propagation to the adjacent myocyte with an R prop of 0.034. Hereafter, we call these waves in the intact regions sporadic waves.
Results

Ca
2؉ Waves in the Intact Region
[ The sporadic waves occurred according to previous excitation. In one representative region ( Figure 2C , data composed of Ϸ12 cells), the waves appeared after excitation by 30-second consecutive electrical stimulation. At 2 mmol/L [Ca 2ϩ ] o , they appeared within 30 seconds after 1-Hz stimuli (ϫ) and occurred more frequently over time until the steady state Ϸ70 seconds after stimuli (left). As the stimulation frequency increased (ƒ for 2 Hz, F for 3 Hz), the latency for the first appearance of the waves shortened and the waves occurred more frequently. The latency period also shortened when [Ca 2ϩ ] o increased. At 4 mmol/L [Ca 2ϩ ] o , stimuli at Ն2 Hz produced a tremendous number of Ca 2ϩ waves immediately after stimuli and a subsequent gradual decrease in incidence (right). Such robust Ca 2ϩ waves barely propagated to the adjacent myocytes. Similar stimulation dependence of the waves was obtained in 5 other hearts.
Frequent Occurrence of Ca 2؉ Waves in Regions With Higher FI
In contrast to the sporadic waves, high-frequency Ca 2ϩ waves were observed in some specific regions with higher FI (hereafter called Ca 2ϩ -overloaded waves). Figure 3 shows sequential X-Y images ( Figure 3A ) and the corresponding line-scan images ( Figure 3B ) of Ca 2ϩ -overloaded waves: failure of propagation ( Figure 3B -a) and propagation with ( Figure 3B-b) and without ( Figure 3B-c) delay. These particular waves occurred at 10 waves ⅐ min Ϫ1 ⅐ cell
Ϫ1
. Adjacent to the cell with the waves, there was a region with higher static FI (upper left). These Ca 2ϩ -overloaded waves showed a longer fluorescent profile than the sporadic waves ( Figure  3C ). Of 60 Ca 2ϩ -overloaded waves examined, the profile declined significantly slowly (t 1/2 ϭ0.41Ϯ0.20 seconds, PϽ0.01).
Ca 2ϩ -overloaded waves were also observed in a region in which mechanical damage was caused by a glass microelectrode (nϭ5). Figure 3D shows the waves in the damageapplied region. They occurred frequently, at 48 waves ⅐ min Ϫ1 ⅐ cell
. One Ca 2ϩ wave at the center propagated to the adjacent cells transversely (4 to 7) and longitudinally (5 to 10). The third class of Ca 2ϩ waves we examined were extremely high-frequency waves showing ripple-like wave fronts, which disappeared within 10 minutes, resulting in regions with high static FI and no response to electrical stimulation, indicating cell death (hereafter, agonal waves). In a typical example shown in Figure 4A , the waves occurred very frequently at 280 waves/min, as calculated from the line-scan image (C), and showed no propagation to the adjacent cells. Of 12 regions having isolated Ca 2ϩ waves as in Figure 4A , 11 waves showed no intercellular propagation (R prop , 0.08). In the clusters composed of Ն2 waves, the waves barely propagated intercellularly (R prop , 0.09; nϭ93). In such specific regions, electrical stimulation failed to induce Ca 2ϩ transients, and Ca 2ϩ transients around the regions failed to abolish the waves 
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(not shown). Such high-frequency waves were also observed in regions damaged by microelectrodes (nϭ5). The agonal waves occurred in regions with higher FI (FI ROI /FI intactϭ1.24Ϯ0.09, nϭ18, PϽ0.01), showing a frequency of 133.1Ϯ65.4 waves ⅐ min Ϫ1 ⅐ cell Ϫ1 (nϭ37) and a propagation velocity of 112Ϯ25.1 m/s (nϭ37). Figure 5 summarizes the 3 types of Ca 2ϩ waves described above. The relative FI (FI ROI /FI intact ) ( Figure 5A ) and the incidence of the waves ( Figure 5B ) showed clear differences among these regions. The propagation velocities of the Ca 2ϩ -overloaded and agonal waves were higher than those of the sporadic waves ( Figure 5C ). The R prop was higher for the Ca 2ϩ -overloaded waves, whereas the sporadic and agonal waves showed poor intercellular propagation ( Figure 5D ).
Discussion
By focusing on incidence, we revealed the existence of 3 distinct types of Ca 2ϩ waves in the subepicardial regions of the perfused heart. These 3 types of waves showed different propagation velocities, relative FIs (FI ROI /FI intact ), and intercellular propagation ratios (R prop the properties of Ca 2ϩ waves change progressively and successively.
We demonstrate here for the first time that Ca 2ϩ waves did not occur in apparently intact regions during sinus rhythm, even at supraphysiological [Ca 2ϩ ] o (2 mmol/L) and room temperatures, according to real-time images of the waves ( Figure 1A) . Previously, Ca 2ϩ waves were identified in intact multicellular ventricular preparations 18, 19 and perfused intact whole hearts in physiological [Ca 2ϩ ] o of 1 mmol/L. 14 However, it has been unclear whether or not Ca 2ϩ waves occur in the working heart under physiological conditions. This is because previous studies were conducted under arrested conditions. 14, 18, 19 We further observed that the waves were abolished by Ca 2ϩ transients ( Figure 1B ) and recurred with latency ( Figure 2C ). Therefore, it seems reasonable to consider that repetitive excitation of the myocardium prevents the hearts from producing sporadic Ca 2ϩ waves. In contrast to sporadic Ca 2ϩ waves, Ca 2ϩ -overloaded waves occurred frequently, even during repetitive excitation at 2 mmol/L [Ca 2ϩ ] o . A higher basal FI ( Figure 5A ) and patchy distribution of cells with high static FI ( Figures 3A and 3D ) indicated that the regions were likely to be Ca 2ϩ -overloaded.
Ca 2ϩ -overloaded conditions in the regions were also suggested by the findings that the incidence and velocity of the (Figure 2A and 2B). The Ca 2ϩ -overloaded conditions were probably caused by some inevitable localized injury or damage, which occurred spontaneously but rarely during the preparation of Langendorff perfusion. Local damage by microelectrodes induced the same types of Ca 2ϩ waves ( Figure 3D ), indicating that the waves occur under Ca 2ϩ overload. The longer decline phase of the waves ( Figure 3C ) may also indicate Ca 2ϩ overload, because previous reports demonstrated that the decline phase of Ca 2ϩ transients was prolonged in damaged or failing myocytes 20, 21 and that Ca 2ϩ waves and Ca 2ϩ transients showed similar fluorescent profiles. 17 Such prolongation of Ca 2ϩ wave profiles may be attributed to some impairment of Ca 2ϩ handling, especially reuptake of Ca 2ϩ by SR, which is known to be impaired via alteration of phospholamban/SR Ca 2ϩ (SERCA) pump activity in damaged or failing hearts. 22, 23 Direct evidence for the SERCA pump modulation of Ca 2ϩ waves was provided in the phospholamban-deficient mouse heart, which lacks the inhibitory action of the SERCA pump, by demonstrating that Ca 2ϩ waves declined faster. 24 We found that Ϸ20% of myocytes with the Ca 2ϩ -overloaded waves had the ability to propagate to adjacent myocytes. However, the waves showed no widespread propagation to the surrounding myocytes: at most, to 3 to 4 adjacent ones. These findings are in agreement with the results of Lamont et al, 19 who reported that Ϸ13% of waves propagated to the adjacent cells in the rat ventricular trabeculae. Two factors can be considered to be determinants for intercellular propagation: the inducibility of Ca 2ϩ waves (ie, ability of regenerative propagation) and conductivity of the gap junctions. We consider that the limiting step for the observed intercellular wave propagation resides in the former rather than the latter. This is because the gap junctional conductance in the Ca 2ϩ -overloaded regions is lower than that in the intact regions, according to its [Ca 2ϩ ] i dependence. 25 The importance of the inducibility of Ca 2ϩ waves in the adjacent (recipient) myocytes is supported by several previous reports. Lipp and Niggli 13 proposed that the Ca 2ϩ -loading state of SR determines the propagation distance of the wave by modulating the degree of positive feedback of SR Ca 2ϩ -overloaded conditions. Although the frequent and ripple-like fluctuations are often observed in single isolated myocytes just before they go into contracture (ie, an agonal state), we provide, for the first time, detailed information on the agonal waves in the whole heart. The waves showed little propagation to adjacent cells despite their highly frequent occurrence (ie, high positive feedback of SR Ca 2ϩ release). This was due to collision of multifocal waves with subsequent refractoriness and possible closure of the gap junction by presumably higher [Ca 2ϩ ] i . 25 A decrease in the gap junctional conductivity in the agonal regions was suggested by observations that electrical stimulation failed to induce Ca 2ϩ transients and that the surrounding Ca 2ϩ transients failed to abolish the waves. Another interesting finding regarding agonal waves was that the propagation velocities were not higher than but rather almost equal to those of Ca 2ϩ -overloaded waves ( Figure 5C ). Although we have no direct evidence to explain this finding, a refractoriness of Ca 2ϩ release from SR in the extremely high-frequency waves may attenuate the increase in the propagation velocity by facilitating the use-dependent inactivation of ryanodine receptors 26 at extremely high frequency.
We have to recognize several limitations in this study. First, Langendorff perfusion with a colloid-free solution can produce edema and minimal focal myocardial degeneration. 27 Second, a relatively higher [Ca 2ϩ ] o (2 mmol/L) at room temperature could render the heart Ca 2ϩ -overloaded, even in an apparently "intact" region. Such conditions potentially augment the occurrence of Ca 2ϩ waves. The third limitation resulted from the use of BDM at a relatively higher concentration (Ͼ10 mmol/L), possibly precluding the occurrence of Ca 2ϩ waves in the perfused heart through its direct effects on Ca 2ϩ handling. 28 Nevertheless, these limitations do not affect our conclusion that Ն3 distinct types of Ca 2ϩ waves occur in the perfused whole heart, depending on the Ca 2ϩ -loading state.
Although direct evidence for the pathological significance of Ca 2ϩ waves is still lacking, the following speculations can be made from our present whole-heart data. The Ca 2ϩ -overloaded and agonal waves are likely to have pathological roles. Because Ca 2ϩ waves produce arrhythmogenic depolarization in single myocytes, 9 the frequent and prevalent Ca 2ϩ -overloaded waves with intercellular propagation may provoke abnormal depolarization of cardiac tissue leading to contractile failure or triggered arrhythmia. The agonal regions may become origins of reentrant arrhythmias when they hamper electrical conduction. In turn, the loss of intercellular propagation of the agonal waves may serve as a protective mechanism against the spatial progression of myocardial damage. Although the pathogenesis of Ca 2ϩ overload in the observed regions was not determined, the divergent properties of Ca 2ϩ waves revealed in this study may represent certain aspects of the waves that occur under certain pathological conditions, such as myocardial ischemia/reperfusion injury and infarction. Delineation of the functional properties of Ca 2ϩ waves under such specific pathological states is open for future research.
